Several pieces of evidence are reported for the accumulation of activated neutrophils in ischemic and reperfused tissues leading to the transformation of the ischemic tissue into an inflammatory territory and t o an enhancement of tissue damages during reoxygenation. However, the molecular mechanisms responsible for these observations and the precise role played by endothelial cells in this process are still poorly understood. In this study, an in vitro model that mimics this situation was used t o investigate the effects of hypoxia-incubated human umbilical vein endothelial cells (HU-VEC) on polymorphonuclear leukocyte (PMN) functions. A strong PMN activation Characterized by an increase in intracellular calcium concentration as well as by superoxide anion release and leukotriene B, production was observed when these cells were coincubated with hypoxic HUVEC. On the other hand, conditioned medium from hypoxia-incubated HUVEC failed t o activate PMN, as determined by the lack of PMN calcium concentration increase, the failure of superoxide anion production enhancement, as well as the absence of effects on the integrin CD18, CDlla, and CDllb expression. These results indicate that the presence of hypoxia-incubated HUVEC is necessary t o obtain an activation of the PMN. probably via the adherence process. Once acti-
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SCHEMIAIREPERFWSION-induced tissue damages have
been reported to be mediated to a large extent by polymorphonuclear leukocytes (PMN) in various tissues.'.' There is a large body of experimental evidences involving PMN in the microvascular and parenchymal injury occurring upon reperfusion of ischemic tis~ues.~ Several studies indicate that neutrophils adhere to the endothelium, extravasate, and accumulate in organs subjected to ischemia/reperfu~ion!,~ Furthermore, in neutropenic animals6 or after administration of monoclonal antibodies (MoAbs) directed against neutrophil adhesion molecules, a significant protection against reperfusion-induced injury is obtained.' The tissue injury is believed to be mediated by cytotoxic oxygen free radicals produced by xanthine oxidase' and released by activated PMN because treatment with oxygen radical scavengers was often shown to be protective against reperfusion A role for elastase release in increased microvascular permeability was also reported."-13
In addition, it was shown that, in ischemic and reperfused rat liver, neutrophils release superoxide anion or other reactive oxygen products, which is a typical sign of their activation. These free radicals are responsible for an increase in microvascular permeability.I4 A stimulation of phagocytosis and chemotaxis of PMN when these cells are coincubated with serum from tissue exposed to a severe ischemia was also 0b~erved.I~ The complement component (C5a) was recognized to be a chemotactic factor in the activation and recruitment of neutrophils during i~chemia.'~,'' However, despite numerous studies performed to investigate the PMN adherence to endothelial cells during hypoxia or reoxygenation and despite the postulate that ischemia activates neutrophih6 the mechanisms leading to PMN activation and the role of PMN-derived cytotoxic substances in the endothelium impairment subsequent to an ischemic event are not yet well understood. vated by coincubation with hypoxic HUVEC, PMN became cytotoxic, as evidenced by 5'Cr released from prelabeled HU-VEC. This cytotoxic effect of activated PMN for hypoxic endothelial cells could be prevented by a combination of superoxide dismutase and catalase (94% inhibition), whereas superoxide dismutase alone was inefficient. Antiprotease (a2-macroglobulin) and a specific elastase inhibitor (MAAPV-CMK) were also inefficient. These results correlate very well with the fact that no increase in elastase release could be observed in supernatants from PMN coincubated with hypoxic HUVEC. Furthermore, when adherence process was blocked by oleic acid or by anti-CAM-l monoclonal antibodies, protection was, respectively, 9090 and 72%. We thus evidenced that free radicals but not elastase released from activated PMN coincubated with hypoxic HUVEC are involved in HUVEC injury. We conclude from these results that PMN activation is initiated by PMN adherence t o hypoxic HUVEC. These observations indicate that hypoxic HU-VEC may be partly responsible for neutrophil activation observed in ischemic tissues, which is part of the amplification process of tissue damage. 0 1994 by The American Society of Hematology.
Because of their localization at the interface between blood and tissues, endothelial cells are the first cells to undergo damages and they have been shown to be very sensitive to ischemia." In fact, vascular endothelial cells may be both the source of free radical generation as well as the target for these radical^.'^-^' Adherence of PMN to the vascular endothelial cells has also been reported and represents an initial step in the pathogenesis of ischemia/reperfusion.16 In vitro, several studies have also reported an increase of PMN adherence to hypoxic endothelial cells through the interaction between CD1 1/CDl8 glycoprotein complex on PMN and ICAM-1 expressed on the surface of endothelial ~eIls.*"'~ In the present study, we investigated in vitro the role of hypoxia-incubated human umbilical vein endothelial cells (HUVEC) in the neutrophil activation and in neutrophilinduced damage to the hypoxic endothelial cells. We also examined the mechanisms by which activated neutrophils adherent to hypoxic HUVEC are cytotoxic. We found that hypoxia-incubated HUVEC were able to stimulate human PMN to produce 02- (-) and leukotriene B4 (LTB4). This activation by hypoxic HUVEC requires close contact between both cell types because conditioned medium from hypoxia-incubated HUVEC was not able to induce PMN activation. Furthermore, we observed that coincubation of PMN with hypoxic HUVEC induced injury to these cells. This cytotoxic effect seems to be strictly dependent on adherence and the major injurious agents are oxygen-derived metabolites.
MATERIALS AND METHODS

Chemicals
Oleic acid, cytochrome c (type 111 from horse heart), collagenase, bovine serum albumin (BSA; fatty acid free), indomethacin, specific human PMN elastase inhibitor (MAAPV-CMK), superoxide dismutase (SOD), catalase, and formyl-methionyl-leucyl-phenylalanine (fMLP) were purchased from Sigma Chemical CO (St Louis, MO). Working dilutions of fMLP were freshly prepared before each experiment. Chromium-51 (51Cr) came from Amersham (Brussels, Belgium; specific activity, 250 to 500 mCi/mg chromium), gelatin from Merck (RFA; Darmstadt, Germany), and 0-2 macroglobulin from Boehringer (Mannheim, Germany). Percoll was obtained from Pharmacia (LKB, Uppsala, Sweden). Fura-2 AM from Molecular Probe (Junction City, OR) was dissolved in dimethyl sulfoxide (DMSO) at 200 times the final concentration for cell incubation and stored at -20°C. Modified Hanks' Balanced Salt Solution (HBSS) was prepared in our laboratory (140 mmollL NaCI, 5 mmollL KCI, 0.4 mmotn MgS04. 7HZ0, 0.5 mmotn MgCI2. 6H20, 3 mmolL NazH-P04.2H,0, 0.4 mmoVL KH,PO,, 1 mmoVL CaCI,, and 5.5 mmoll L D-glucose, pH 7.4).
Mouse MoAbs anti-CD18 (CLB-LFAlIl against p chain CD18) were generously given by Dr D. Roos (Central Laboratory of the Netherlands Red Cross, Amsterdam, The Netherlands). Anti-IC-AM-l (RR 1/1) was kindly provided by Dr T. A. Springer (Harvard Medical School, Boston, MA). Anti-CD1 l b (against a chain CD1 lb) and anti-CD1 la (against a chain CD l la) were purchased from British Biotechnology Products Ltd (Abdington, UK).
HUVEC Isolation and Culture
HUVEC were isolated according to Jaffe et al.*' Cords were stocked at 4°C just after birth in stock solution (4 m m o a KCI, 140 m m o K NaCI, 10 mmotn HEPES, 1 mmoVL glucose, 100 pg/mL streptomycin, 100 U/mL penicillin, and 0.25 pg/rnL fungizone, pH 7.3). Cords were rinsed with 20 mL phosphate-buffered saline (PBS) containing antibiotics and fungizone at the concentrations mentioned above. Umbilical veins were incubated for 35 minutes at 37°C with 4 mL collagenase type I1 0.05% in PBS. Collected cells were then seeded in M199 + 20% fetal calf serum (FCS; GIBCO, Paisley, UK), centrifugated for 10 minutes at 1,OOO rpm, and cultured in 0.2% gelatine-coated culture dishes (Falcon Plastics, Oxnard, CA). The day after, cells were washed with medium to eliminate blood cell contamination. Only monolayers of primary cultures that were tightly confluent were used for these studies. Confirmation of their identity as endothelial cells was obtained by detecting factor VI11 antigen assessed by immunofluorescence staining?6
Isolation of Human Neutrophils
Blood was obtained from healthy donors. Granulocytes were purified from 500 mL of blood anticoagulated with 13 mmol/L trisodium citrate (pH 7.4). The blood was diluted two times with PBS containing 13 mmotn trisodium citrate, and centrifugated (20 minutes at 1,OOOg room temperature) over a Percoll suspension with a specific gravity of 1.077 g/mL and an osmolality of 290 to 295 mosmolL The neutrophils collected at the bottom of the Percoll suspension were freed of contaminating erythrocytes by a lysis with isotonic ammonium chloride at 4°C. The neutrophils were washed and resuspended in HBSS (without MgZC and Caz+, pH 7.4). and kept at room temperature until use.
Hypoxic Incubation
Ischemia was simulated by exposing endothelial cells to hypoxia in an incubator gas chamber (atmosphere of 100% NZ). Cells seeded at confluence in Petri dishes (35 mm diameter; Falcon Plastics) were covered with 0.7 mL of HBSS at pH 7.4. The medium was reduced to an uniform thin layer to decrease the diffusion distances of the , was assayed using fura-2 as a fluorescent indicator of cytosolic free calcium. The neutrophils (5 X lo6 cells/mL) were loaded with fura-2 by incubating the cells with 5 pmoVL of the acetoxy-methyl ester fura-2-AM for 60 minutes at 37°C. The cells were then washed three times, resuspended in HBSS (5 X IO6 cells/mL), and kept at room temperature until use. Before each assay, the adherence of PMN was tested as previously described." Briefly, HUVEC were seeded on cover slips (13 X 27 mm) and, after their incubation under hypoxia or normoxia, I mL of PMN suspension was added. After 1 minute of coincubation with HUVEC, nonadherent PMN were removed by washing and the cover slips with HUVEC and adherent PMN were placed in a quartz cuvette containing HBSS + calcium (1 mmotn) pH 7.4. The intracellular calcium concentration was observed for 5 minutes and calculated by measuring the ratio of fluorescence intensities at excitation wavelengths of 340, 358, and 380 nm as described by Grynkiewicz et al.'* The assay was performed at room temperature with a spectrofluorimeter (Kontron SFM 25; Kontron, London, UK).
Measurement of [Ca2+], in PMN in suspension. The neutrophils ( I O X lo6 cells/mL) were loaded with fura-2 AM (5 pmol/L) for 60 minutes at 37°C in HBSS without calcium. After the loading procedure, the cells were washed three times and kept at room temperature until use. For the test, PMN were resuspended in 3 mL of HBSS + Ca (1 mmoVL) at 2.5 X IO6 cells/mL and transferred in a quartz cuvette. Stimulation of PMN suspension was performed by adding fMLP (lo-' and lo-* m o m ) or 100 pL of HUVECconditioned medium. Calcium determination was performed as mentioned above.
Superoxide Anion Release
Superoxide anion release by adherent PMN to HUVEC. The generation of superoxide anion (0,. -) from adherent PMN was assessed by the SOD-inhibitable reduction of fenicytochrome c ( l mg/mL) as described by Dri et aLZ9 PMN (5 X lo6 cellshL) resuspended in fenicytochrome c solution were coincubated with normoxic or hypoxic HUVEC. After coincubation at 37"C, the media were removed, placed at 4"C, and centrifuged for 5 minutes.
Measurement of Oz.(-) release by HUVEC after normoxic or hypoxic incubation (120 minutes) was performed by adding 1 mL of cytochrome c solution with or without SOD at 37°C for 5 or 15 minutes. Absorbance at 550 nm was determined spectrophotometrically and compared with similar tests containing SOD (300 U/mL). The results were converted into nanomoles 02. (- PMN/well). The plates were incubated at 37°C and the absorbance of cytochrome c was measured by sequential readings at 550 nm. The amount of reduced cytochrome c by the 0,. (C) was calculated as the absorbance differences between the test and test containing SOD (300 UlmL).
LTB, Assay
LTB, released in supernatants by adherent PMN to HUVEC was measured using an enzyme immunoassay (EIA) kit (Cayman Chemical Company, Ann Arbor, MI). We performed the assay as described in the kit. Briefly, this assay is based on the competition between free LTB, and an LTB, tracer (LTB, linked to an acethylcholinesterase molecule). Quantification of the tracer is achieved by measuring its acetylcholinesterase activity with Ellman's Reagent consisting of acethylcholine and 5,5'-dithio-bis (2-nitrobenzoic acid). Hydrolysis of acethylcholine produces thiocholine, which reacts with 55'-dithio-bis (2-nitrobenzoic acid), which has a strong absorbance at 412 nm. Absorbance was then converted in LTB, concentration using a standard calibration curve.
Elastase Assay
The immunologic determination of elastase concentration in the samples (PMN supematants) was performed using the EIA kit Elastase PMN (Merck).
Cytotoxicity Assay
Cytotoxicity was measured by standard "Cr release assay.'" Confluent HUVEC in Petri dishes (35 mm diameter) were labeled with IO pCi/mL sodium chromate (Na2Cr04, 1 mCimL) in M199 without serum for 3 hours at 37°C in 95% air-5% COz. The "Cr-labeled monolayers were washed five times with HBSS and then 0.7 mL of HBSS was added for air or hypoxia incubation. At the end of these incubations, HUVEC-conditioned medium were removed and l mL of PMN suspension (5 X lo6 cells) was added for the adherence test. At the end of the coincubation period, cytotoxicity was determined by quantitating 51Cr released by the endothelial cells. The radioactivity of the PMN supernatants, HUVEC-conditioned medium and NaOH (0.5 N, overnight) -lysed cells were measured separately in a gamma counter. Cytotoxicity values calculated, as previously described:' are expressed as a percentage of release. For cytotoxicity protection, SOD (300 U/mL), catalase (1, OOO U l d ) .
SOD + catalase, a-2 macroglobulin (5 U/mL), and MAAPV-CMK (200 ,umol/L) were added at the same time as PMN, whereas indomethacin (lo-, moUL), anti-ICM-l (ascite l 0 0 X diluted), or oleic acid (10" mol/L) were added to HUVEC during the whole incubation under hypoxia.
FACS Analysis of CD18, C D l l a , and C D l l b Expression on PMN S u~a c e
To test the effect of HUVEC-conditioned medium on integrin expression, 1 0 0 ,uL of normoxic or hypoxic HUVEC-conditioned medium was added to 25 pL of PMN suspension (10 X lo6 cells/ mL) for 5 or 15 minutes at 37°C. In this experiment, PMN incubated with HBSS + calcium (1 mmoVL) alone served as the negative control. Reactions were stopped by placing samples at 4°C. Samples were centrifugated (1,600 rpm for 5 minutes) and treatment for fluorescence-activated cell sorting (FACS) was performed by the addition of 30 pL of primary MoAb (anti-CD18, anti-CDlla, or anti-CDllb) to resuspended PMN for 30 minutes at 4°C. Cells were washed with PBS-BSA (1%). The indireet immunofluorescence staining was performed by addition of the secondary antibody goat antimouse fluorescein isothiocyanate (GAM-FTTC; at 14 pg/mL, Janssen Biochimica, Beerse, Belgium) for 30 minutes at 4°C. PMN were then washed again, fixed with paraformaldehyde 1% in PBS for 15 minutes at 4°C and washed a last time in PBS. FACS analysis was then performed and the mean fluorescence intensity was recorded.
Statistical Analysis
Results are expressed as mean IT SD unless otherwise indicated. For statistical analysis, the Student's t-test for unpaired data was applied. When several experiments are pooled together, analysis of variance was performed (ANOVA 2) and means of groups were compared by Tuckey's contrasts. Significative statistical differences were accepted when P > .95.
RESULTS
Our previous results showed that incubation of endothelial cell monolayer under hypoxia for more than 60 minutes leads to a large increase in adherence of human PMN when compared with results obtained for normoxic monolayers." The maximum adherence was obtained when H W E C were first incubated under hypoxia for 120 minutes. A time course of PMN adherence to such hypoxic endothelial cells was performed and the percentages of adherence after 5, 15, 30, and 45 minutes were, respectively, 23.1% f_ 2.3%, 21.6% 2 5.6%, 17.3% 5 4.5%, and 16.1% 5 3.3% (n = 12), whereas PMN adherence to normoxic HUVEC was between 5% and 10%. Therefore, the optimal adherence assay conditions used throughout this study were 120 minutes of hypoxia incubation, with a PMN adherence test performed during the following 5 minutes.
Activation of PMN
Evolution of [Ca2+li in PMN adherent to hypoxia-incubated HUVEC. Several previous studies from our laboratory and others already demonstrated interactions between hypoxic HUVEC and unstimulated PMN.23.32 We found that the increased PMN adherence to hypoxic HUVEC is mediated by ICAM-1 expressed on HUVEC and by CD1 1 b/CD18 on PMN." Using image analysis, we also observed that neutrophils rapidly spread on the hypoxic HUVEC. In this study, fura-2-loaded PMN were used to follow the cytosolic calcium concentration in adherent PMN to H W E C during the first 5 minutes of contact. A rapid and marked increase in intracellular calcium concentration was observed when PMN are in contact with hypoxic HUVEC but not with normoxic ones (Fig 1) . The [Ca''], in adherent PMN to hypoxic HU-VEC was fourfold to sixfold higher than the basal concentration. This result indicates that adherence of PMN to hypoxic H W E C is able to trigger an increase in their intracellular calcium concentration in PMN.
Superoxide anion production by PMN adherent to hypoxia-incubated HUVEC. We also tested whether PMN adherent to hypoxia-incubated endothelial monolayer could release more superoxide anions than PMN adherent to control cells. PMN suspension was added to the HUVEC confluent monolayer and the O z . (-) oxide anion production by the PMN coincubated with HU-VEC increased with time (Fig 2A) . However, the rate of superoxide anion production for PMN adherent to normoxic HUVEC was 0.230 nanomol/mL/min after S minutes and 0.175 nanomol/mL/min after IS minutes, which is much lower than the rate observed for PMN adherent to HUVEC pre-exposed to hypoxia for 120 minutes. which is. respectively, 0.685 nanomol/mL/min and 0.460 nanomol/mL/min. The fact that we observed a higher production of superoxide anion during the first S minutes of coincubation suggests that PMN activation is rapidly initiated by the adherence to hypoxic HUVEC. This was supported by the fact that oleic acid (10.' mol/L). which totally blocks PMN adherence'' also reduced O? -(-) production by more than 90%, whereas WEB 2086. inefficient to prevent PMN adherence after 120 minutes of incubation under hypoxia. is without effect on the superoxide anion production (Fig 2B) .
Incubation of PMN with hypoxic HUVEC resulted in a rapid and important superoxide anion release from the neutrophils (0.4 nanomol/mL/min) that is nearly threefold higher than the production by PMN coincubated with control normoxic cells (Fig 3) . This amount is similar to those obtained for PMN stimulation by PMA ( I mg/mL).Z7 The level of 0'. ( C ) released by HUVEC monolayer alone reoxygenated for S minutes after l20 minutes of hypoxia (0.161 2 0.095 nanomol/mL/min) is low compared with the superoxide anion production when PMN are coincubated with hypoxic HUVEC and is not significantly different from the production by S minutes of incubation of control HUVEC after a preincubation of 120 minutes in normoxia (0.080 2 0.057 nanomol/mL/min). We thus conclude that hypoxic HUVEC are able to stimulate the release of Oz. The results are expressed in nanomol/mL/min of O,*(-) as the mean for n = 2 and are calculated from the amount of reduced cytochrome c inhibited by SOD.
hntecl HUVEC. Another metabolic pathway that could be triggered by the intracellular calcium increase is the synthesis of lipid mediators:" We thus investigated whether PMN adherent to hypoxia-incubated HUVEC were able to produce and release LTB,. LTB., was chosen because HUVEC do not synthetize leukotrienes from arachidonic acid'5 and because it was shown in similar experiments using tumor ne- crosis factor-a-activated HUVEC that transcellular pathway does not occur between adherent PMN and endothelial cells.'" The LTB, production was observed during coincubation of PMN and hypoxia-incubated HUVEC monolayers. The LTB, released in the medium was assayed by a sensitive EIA kit. The LTB, synthesis by PMN adherent to HUVEC monolayer pre-exposed for 120 minutes to hypoxia is already high after S minutes and then increases steadily during the next 25 minutes (Fig 4A) . As for superoxide anion production, the rate of LTB, production is higher during the S first minutes of coincubation, suggesting as for this parameter that PMN activation is a very fast process. The fact that the adherence is already maximum after 5 minutes suggests that the LTB, synthesis during these first minutes is the result of the PMN activation that then continues to synthetize LTB, for several minutes thereafter. The LTB, concentration measured for PMN adherent to hypoxic HUVEC even after S minutes of coincubation (224 t 44.5 pg/lOh cells, n = 6) is significantly higher than the LTB4 concentration released by PMN adherent to normoxic HUVEC (16.3 2 IS pg/lO" cells, n = 6; Fig 4B) . This amount produced by PMN coincubated with hypoxic HUVEC is slightly lower than that obtained for an optimal stimulation by M L P mol/L; 395 pg/ 10' cells, n = 2). but is much lower than the amount observed for PMN stimulated with ionophore A 23187 (IO-" mol/L) in the presence ( I ,802 t 357 pg/106 cells, n = 3) or in the absence (1,082 pg/106 cells, n = 2) of arachidonic acid at IO-" mol/L. It was suggested that endothelial-derived oxygen radicals could be a key stimulus to activate PMN during PMN-HUVEC interactions." However, superoxide anion production by HUVEC monolayer alone during reoxygenation is very low and, when PMN are coincubated with hypoxic HUVEC in the presence of a combination of SOD (300 U/mL) and catalase (1,000 U/mL), the LTB, release is slightly but not significantly inhibited (298 pg/mL compared with 394 pg/mL, n = 2). In addition, the LTB, release is not inhibited if the adherence of PMN to hypoxic HUVEC is performed in the presence of WEB 2086 mol/L). All these results rule out the fact that the LTB., release is caused by the formation of reactive oxygen intermediates by HUVEC during PMN-HUVEC interactions and strongly suggest that it is the adherence process that triggers the activation of PMN.
Effect of hypoxic HUVEC-conditioned medium on the [Ca"], of PMN in suspension. To know whether stimulating molecules for PMN could be released from hypoxiaincubated HUVEC, we tested the ability of conditioned medium from hypoxia-incubated HUVEC to modulate the calcium concentration in PMN. Figure SA shows that conditioned medium from HUVEC incubated for 120 minutes under hypoxia did not increase PMN [Ca2d]i; this is also true for the conditioned medium from normoxia-incubated HUVEC, or the HBSS + calcium ( 1 mmol/L) alone. Similar results were obtained when conditioned medium was diluted 30-fold or threefold. PMN responsiveness was tested by adding fMLP (IO-" or IO-' mol/L), which increased rapidly and transiently [Ca"],, reaching, respectively, 380 and 330 nmoliL (Fig SB) .
However, it is possible that the concentration of the putative stimulating agent in conditioned medium from hypoxic HUVEC was too low to be able to stimulate PMN. Further investigations were then performed to evidence a potential effect of hypoxia-incubated HUVEC-conditioned medium on PMN priming. PMN were preincubated with normoxic or hypoxic HUVEC-conditioned medium (diluted threefold) for I O minutes before a suboptimal stimulation by fMLP (IO-"' mol/L; Fig 6) . The calcium concentration increase observed for fMLP (IO-''' mol/L) after PMN preincubation with hypoxic supernatants was not enhanced when compared with suboptimal stimulation alone and was not different to the response obtained when PMN are preincubated with normoxic HUVEC-conditioned medium. Similar results were observed when priming effect of conditioned media was tested on the superoxide anion production (data not shown).
Effect qf hypoxic HUVEC-conditioned medium on superoxide production b? PMN in suspension. We also tested the effect of conditioned medium from hypoxia-incubated HUVEC on PMN superoxide production. Figure 7 shows that conditioned medium from hypoxia-incubated cells failed to induce PMN superoxide release when compared with conditioned medium from normoxia-incubated cells or to PMN suspension alone. This experiment was performed five times with similar results. The small increase in ferricytochrome c reduction observed for PMN alone is caused by spontaneous activation occurring when PMN are in contact with a gelatine-coated plastic microplate. When fMLP ( 1 0 -7 mol/L) was added, a rapid and high superoxide anion production was observed.
Effect of hypoxic HUVEC-conditioned medium on the ex- Table 1) . This experiment was repeated three times with similar results.
These different experiments show that no soluble factors that can stimulate PMN are released by hypoxic HUVEC.
Cytotoxicity
Effect of hypoxia-incubated HUVEC on neutrophil-induced endothelial cell injury. PMN cytotoxicity towards HUVEC monolayer pre-exposed for 120 minutes to normoxia or hypoxia was assayed by chromium-5 1 release from prelabeled cells (Fig SA) . The chromium-51 release is more pronounced for hypoxic HUVEC than for normoxic HUVEC and this release is already very high after 5 minutes and does not change thereafter. Reoxygenation of HUVEC by itself is responsible for a time-dependent increase in chromium-51 release. However, in all experiments performed, the part of the chromium release during the first 5 minutes of reoxygenation of hypoxic HUVEC was less than 15% (Fig 8A  and B) . Because after a coincubation time of 5 minutes with PMN the cytotoxic effect is already optimal, this period of 5 minutes was used for the next experiments. Hypoxia was also analyzed for its capacity to induce lytic injury or non- lytic detachment of HUVEC. Phase contrast microscopy showed that the endothelial cells' confluent monolayers incubated for 120 minutes under hypoxia change their morphology but do not lose their confluent state. In addition, there was no significant increase in the release of soluble 5'Cr from prelabeled hypoxic endothelial cells compared with normoxic controls (Fig 8B) .
To determine the capacity of neutrophils to alter endothelial cell integrity, we counted the 51Cr release from hypoxic or normoxic HUVEC after coincubation with PMN. As shown in Fig 8B, PMN induced an important and highly significant release of 51Cr from hypoxia-incubated HUVEC (14.6% 2 4.1%, n = 6) compared with the release observed for normoxia-incubated cells (0.3% 1 0.2%, n = 6). We were not able to discriminate cell lysis from nonlytic cell detachment, but phase contrast microscopy observations before and after PMN adherence indicate minimal detachment of intact cells. Inhibition of neutrophil-induced endothelial cell injury. It has been shown that stimulated PMN can induce injury in a variety of different target cells by generating active oxygen species. To define a possible role of these toxic oxygen species in the observed cytotoxicity, experiments were performed in the presence of several antioxidants. The cytotoxicity of PMN for hypoxic HUVEC was inhibited by scavengers of oxygen-derived free radicals. Catalase (1,000 U/mL) or a combination of catalase (1,000 U/mL) and SOD (300 UlmL) were very efficient and gave, respectively, 48% and 94% inhibition, whereas SOD alone was inefficient ( Fig  9A) . As for the combination of catalase and SOD, desferroxamine (an iron chelator added to HUVEC during the hypoxia incubation) and mannitol (OH. scavenger) afforded a complete protection that was lost at low concentrations (data not shown).
Protease inhibitors such as a2-macroglobulin and MAAPV-CMK (a specific inhibitor of PMN elasta~e)~' were not able to provide a protection (Fig 9A) . On the other hand, when adherence process was totally blocked by oleic acid mom) or partially prevented by anti-ICAM-1 antibodies,22 a protection of, respectively, 90% and 72% was obtained (Fig 9B) . Indomethacin ( mom) was not protective. The fact that MAAPV-CMK was not able to prevent the cytotoxicity induced by neutrophils suggest that elastase was not released by PMN. This result was confirmed by direct elastase assay in supernatants of PMN coincubated with HUVEC (Fig 10) . No increase in the amount of elastase release was observed when PMN were coincubated with hypoxic HUVEC compared with PMN coincubated with control normoxic HUVEC or adherent to plastic dishes. These results suggest that damages to hypoxic HUVEC are induced by adherent neutrophils and mediated by the free radicals produced by these cells.
DISCUSSION
Mechanisms leading to the reperfusion injury are numerous and complex,3K but the presence of activated neutrophils in ischemic and reperfused tissues was proposed to contribute to the amplification of the damages and to the parenchymal cell injury during reperfu~ion.~~ It was reported that PMN are activated in vivo after ischemia and reperfusion of skeletal muscle. In fact, without any stimulation, PMN isolated after reperfusion produce more superoxide anions than those isolated prior ischemia6 and oxygen-derived free radicals produced by activated neutrophils that infiltrate the ischemic and reperfused tissue may lead to tissue injury.
We previously demonstrated that hypoxia is able to strongly activate HUVEC, as evidenced by an increase in [Ca"Ii , 27 an activation of phospholipase A?, and an enhancement of prostaglandin synthesis!' We also showed that hypoxia-activated HUVEC synthetize platelet-activating factor (PAF) and become highly adhesive for PMN." The results described here clearly indicate that the activation of the endothelial cells by hypoxia is responsible for the subsequent activation of coincubated PMN. We showed that the hypoxia-incubated HUVEC can stimulate neutrophils to release high amounts of superoxide anions and to synthetize LTB,. The same stimulation can be obtained with HUVEC stimulated by PMA, which significantly increased the secretion of superoxide by adherent PMN. 33 The activation of the PMN membrane NADPH oxidoreductase requires calcium ion flux across the plasmalemma for the production of 0 2 .
(-). In correlation with the superoxide anion production, we then observed that PMN free cytosolic calcium concentration increased during the adherence process. Several evidences in the literature have been de- of superoxide anions and is inhibited if the adherence is blocked.
Protein kinase C and the calcium acting as second messenger activate multiple important PMN functions, including the respiratory burst. chemotaxis, and the lipid mediator production.34 PMN can produce large amount of LTB,, a potent mediator involved in the inflammatory response. It is thus reasonable to speculate that the increased [Ca2'li that leads to superoxide anion release could also induce LTBj synthesis. We indeed observed that PMN coincubated with hypoxic HUVEC synthetize large amount of LTB,, similar to the one observed during an optimal stimulation with fMLP. Other data from the literature"' suggest that the adherence promotes such mediator production, in particular LTB,, generated and released from activated leukocytes. Because endothelial cells can convert PMN-released LTA, into LTB,. increased levels of LTB, present in coculture supernatants may be caused by this transcellular pathway resulting in increased LTB, production. However, using TNF-a-treated HUVEC, lshii et al7" reported that PMN were the major source of LTB, production in the PMN-HUVEC coculture system because PMN adherent to paraformaldehyde-fixed HUVEC produced as much LTB, as control cells. They also showed that the production of LTB, from PMN adherent to TNF-a-activated HUVEC was closely related to the increase in PMN adherence. Taken together, these results SUEgest a transmembrane signaling capacity of the CD I 1 b/CDI 8 adhesion molecule on PMN. We also showed that the LTBj production is decreased if adherence is inhibited.
LTB, involvement in the ischemia-reperfusion injury was suggested by the enhanced generation of S-lipoxygenasederived products observed in postischemic organsU and by the fact that nordihydroguaiaretic acid (NDGA), an inhibitor of 5-lipoxygenase, inhibits neutrophil accumulation in ischemic tissue. These results also suggest that the LTB, formed by the hypoxic tissue can be responsible for the chemoattrac-ARNOULD, MICHIELS, AND REMACLE tion leading to an amplification of PMN recr~itment.,~ The observations that exposing HUVEC to hypoxia promotes superoxide anion release, [Ca"], increase, and LTB, production by coincubated PMN provide definitive evidences that the granulocytes were activated.
PMN activation was obtained in the presence of hypoxic HUVEC but was not triggered by the release of some soluble factors by hypoxic HUVEC. Indeed, media conditioned by hypoxic HUVEC were without effect on the different parameters of PMN activation as determined by observing [Ca"Ii, by superoxide anion assays, and by integrin CD18, CD1 la, or CD1 Ib expression. It was also reported that endothelial culture media inhibit neutrophil activation in the absence of co-incubation between endothelial cells and neutrophils."" We previously showed that prostacyclin and PGE2, which appear to have a variety of suppressive effects on neutrophil functions:" are released in high amounts in hypoxic HUV-EC-conditioned media?" We did not observe any stimulating or inhibitory effect of hypoxic-HUVEC conditioned medium on the PMN activation by low concentration of fMLP, as shown in Fig 6, suggesting that this medium was not able to prime the PMN.
In the absence of neutrophils, reoxygenation of anoxic" or hypoxic" endothelial cells results in some limited cell injury. An important observation of this study is that adherence of PMN to hypoxic HUVEC during the first minutes after the hypoxia strongly increases the cytotoxicity for these cells and enhances the cell damage caused by the reoxygenation. We clearly showed the role of free radicals in this process. For example, when neutrophils were added to the hypoxic endothelial cells upon S minutes of reoxygenation, catalase alone or together with SOD offered significant protection against neutrophil-induced injury (Fig 9A) . This protection was evidenced by a decrease in "Cr release. The lack of effect of SOD alone is more difficult to interpret but results with SOD are not always protective because SOD forms H20,, which could be toxic for HUVEC." Lack of protection of SOD (260 U/mL) was also reported in neutrophil-mediated cytotoxicity in lung cells exposed to in vitro hyperoxia.'" Similar results were reported in which catalase or a simultaneous addition of SOD + catalase was totally protective on endothelial cells damages induced by complement-stimulated granulocytes, whereas SOD alone was inefficient.""5i
Superoxide anion alone seems to be a "minor" toxic metabolite that exerts its effects only in the presence of H202 to form the very powerful oxidant OH-."," It has been proposed that, in the presence of iron provided by endothelial cells,52 O? ( -) and H202 interact to form OH., which is responsible for the observed toxicity. The efficient protections obtained in this work with desferroxamine and mannitol support these observations and indicate that the hydroxyl radical generation catalyzed by transition metals is a main intermediate responsible for the toxic effects. Furthermore. it was also evidenced that hypoxia increases the susceptibility of pulmonary artery endothelial cells to oxygenderived metabolite injury.53
Proteases could be also good candidates for explaining the PMN-induced cytotoxicity. By its capacity to degrade several components of vascular basement membrane, elastase was reported to be an important effector in leukocyte
For personal use only. on August 30, 2017 . by guest www.bloodjournal.org From infiltration in an in vivo model of acute ischemia-reperfusion." It was also reported that cell detachment is caused by elatase release, whereas oxygen-derived metabolites are involved in cell lysis. 54 In the conditions used in this study, neither CY-2 macroglobulin nor a specific antielastase inhibitor (MAAPV-CMK) had any effect on neutrophil-mediated cell lysis. In addition, a direct assay of elastase showed that there is no increase in elastase release when PMN are coincubated with hypoxic H W E C . It is thus unlikely that the endothelial cell damages observed in this study are mediated by elastase or other proteolytic enzymes. The fact that elastase is not involved in H W E C cytotoxicity observed in our model are in contrast with previous reports showing that elastase was responsible for cell detachment." However, in this later experiments, the cytotoxicity is observed after a long reoxygenation time, whereas in our case, the cytotoxicity is tested after 5 minutes. We also used a long hypoxia incubation that impair the endothelial cell defenses and weakens them towards oxidative stress." Furthermore, it is also possible that the degranulation of the PMN occurs later, while the increase of superoxide anion release is very fast. It was previously reported that the activation of the PMN respiratory burst could occur separately from PMN degranul a t i~n .~~ Both experimental models being different, they probably represent two different patterns of the PMN cytotoxic action.
We and other investigators previously described that PMN adherence was increased on hypoxic-activated HUVEC and was mediated through the interaction between CD18KDl lb and ICAM-1?2.23 Although the exact mechanism of the neutrophil activation is unknown at present, adherence by itself is involved because the cytotoxic effect of PMN requires PMN adherence. #en adherence is blocked either by the incubation of HUVEC with oleic acid during hypoxia or by the addition of anti-JCAM-l, the cytotoxicity of PMN is lost. Oleic acid is an inhibitor of the acetyltransferase and in this way inhibits the synthesis of PAF. 56 The inhibition of the adherence of PMN to HUVEC after 90 minutes of hypoxia is linked to the presence of high amount of PAF on the HUVEC surface.22 However, after 120 minutes of hypoxia, all PAF has been metabolized and is no longer present at the endothelial cell surface, whereas the adherence of PMN is even higher. The reason why the inhibition of the PAF synthesis by oleic acid during 120 minutes of hypoxia also inhibits the adherence even if PAF is no longer present is not yet clear. One explanation is that PAF is necessary (acting as a second messenger) for the synthesis of another molecule that then mediates the adherence after 120 minutes of hypoxia.
These results are consistent with in vivo studies demonstrating that free radical scavengers, neutropenia, or MoAb directed against ICAM-1 are effective in attenuating ischemia-reperfusion injury.14 Physiopathologically, if ischemiareperfusion of several tissues induce damage mediated by PMN, these results experimentally showed that hypoxic endothelial cells are by themselves able to activate PMN. Once activated, PMN release oxygen free radicals, proteases, or lipid mediators that will exacerbate damage and trigger the recruitment of much more inflammatory cells. Thus, hypoxic tissues can initiate the inflammatory response observed after an ischemic event. In this way, such in vitro studies using isolated HUVEC are useful to clarify the mechanisms involved in PMN activation observed in ischemic-reperfusion injury.
